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Abstract 
The research about finding the effective membrane material is in progress; however, there are 
pros and cons for each material. Graphene membrane is a single layer of atoms in a two-
dimensional hexagonal lattice which achieved high performance in water purification field. 
Addition of TiO2 to the graphene membrane have been studied for the membrane 
modifications due to its high stability and photocatalytic performance. In this study, 
graphene/TiO2 bilayer nanocomposite membrane have been simulated to enhance the 
mechanical and electronic properties of graphene membrane. Anatase TiO2 (A-TiO2), rutile 
TiO2 (R-TiO2), and their composite with graphene (G) have been simulated to evaluate the 
stability of the nanocomposite bilayers in water desalination for higher salt rejection 
percentage and water permeation. The membrane structure has been created and optimized 
using the geometry optimization task. The simulation of electronic and mechanical properties 
has been done by using Material Studio 2019. TiO2 consisting rutile and anatase phases 
showed a bandgap of 2.248eV, which was reduced to 1.175 eV in combination with 
graphene. The bilayer composite of TiO2 and graphene achieved higher membrane stability 
and the salt rejection was 98% under applied pressure of 100 MPa. The graphene/TiO2 
bilayer nanocomposite membranes have been evaluated by simulation for water desalination 
process using molecular dynamics by ReaxFF software. In comparison with a graphene 
membrane, the results showed an increment in salt rejection and water permeability under 
different applied pressure. 
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1. Introduction 
Water desalination is a process that used to purify water by taking away mineral components 
and ions from saline water, to supply new fresh water in the context of a rapidly growing 
global water gap. In the recent years, researchers have published many articles about 
fabrication and modification of membrane, where they tried to achieve an effective filtrations 
technique for separation of ions, organic, and inorganic substance from water [1]. Membrane 
such as graphene has approved to be an effective technology to separate ions and particles 
from water by using high external pressure force [2].  Due to high chemical and mechanical 
stability, graphene membrane has been used in many studies and it confirms high salt 
rejection for commonly used ions by utilizing single layer nonporous graphene [3]. The 
mechanical properties of graphene have been studied by Min & Aluru (2011), under shear 
deformation by using molecular dynamic simulation. They calculated the shear modulus, 
shear fracture strength, and shear fracture strain at various temperature, and the results 
showed that these mechanical properties that have made graphene as a promising material 
under shear deformation [4].    
On the other hand, TiO2 have attracted researchers due to its excellent photocatalytic 
performance, where the cost-effective and eco-friendly synthesis of TiO2 make it 
environmentally friendly [5]. In addition, TiO2 has three crystalline forms, rutile and anatase 
with a tetragonal structure, and brookite with an orthorhombic structure [6]. The high 
performance of anatase crystalline under UV irradiation has made it the optimum phase of 
TiO2 for photocatalytic activities [7]. However, TiO2 has a large band gap, approximately 
ranging between 3 to 3.2eV [8], which decreases the photocatalytic activity because of the 
fast recombination of the charge carriers [9]. In 2004, Nagaveni and his colleagues have 
synthesized a structure of nanocrystalline TiO2 with lower band gap and it showed a high 
photocatalytic activity which is related to the band structure [10]. Furthermore, TiO2 has been 
intensively studied for membrane modification; because of its stability, high hydrophilicity, 
antibacterial property, photocatalytic activity, low toxicity and low cost [11-13]. 
In addition, embedded inorganic components can also improve membrane performance by 
processing the structure, for example modification of porosity, pore size and physical and 
chemical properties can lead to increase thermal and mechanical stability which ultimately 
improve membrane performance [14]. Because of the high conductivity and low band gap of 
graphene which equal zero [15], graphene/TiO2 bilayer has been studied recently, to evaluate 
the performance of adding TiO2 to graphene which has a large band gap for photocatalytic 
activities [16]. However, graphene/TiO2 bilayer, has been investigated for water desalination 
improvement by evaluating the stability of the nanocomposite membrane [17]. Furthermore, 
it has been reported that the configuration of p-n heterojunction between graphene and TiO2 
composite increases the activity of the photocatalyst [18]. The activity of TiO2/graphene 
combination has been reported as an antifouling agent which prevent the accumulation of 
organic pollutant at their surface [19].  It has also been demonstrated that addition of TiO2 
can increase the stability and strength of graphene membrane [20]. Moreover, studies have 
been published about the strong adhesion between graphene and TiO2, for instant Cao and his 
colleagues (2017) [21] studied the role of graphene in enhancing the mechanical properties of 
atomic layer deposition (ALD) synthesized TiO2/graphene. They showed that graphene 
significantly enhanced the Young’s modulus of TiO2/graphene hetero films against thickness. 
The mechanical properties of the materials have been investigated by using Universal and 
COMPASS forcefield [22]. In other study, Fereidoon and his colleagues (2015) [23], 
investigated the elastic properties of graphene, TiO2 (rutile), and graphene/TiO2 
nanocomposite and they showed that the Universal force field is better than COMPASS.  The 
results indicated that Universal force field is appropriate and more reliable than COMPASS 
for the calculations of Young’s modulus. It showed 14% increment for TiO2 rutile as a result 
of interaction with graphene layer, and 12% of increament for shear modulus.  
In this study, by using molecular dynamic simulation, and with the reference to a good 
adhesion of TiO2 to graphene a layer of TiO2 has been added to graphene to create a bilayer 
to increase the stability and strength of graphene membrane. In each evaluation a layer of 
anatase TiO2 or rutile TiO2, or a mixture of Anatase and Rutile were used to combine with 
graphene to make a composite membrane. Therefore, anatase TiO2 (A-TiO2), rutile TiO2 (R-
TiO2),  anatase, rutile TiO2 (A,R-TiO2),  anatase TiO2/Graphene (A-TiO2/G), rutile 
TiO2/Graphene (R-TiO2/G) and anatase, rutile TiO2/graphene (A,R-TiO2/G) have been 
simulated and studied. The membrane structure has been created by using Material Studio 
2019 and applying Universal force field. The electronic and mechanical properties have been 
calculated for A-TiO2, R-TiO2, G, and TiO2/G nanocomposites to evaluate the effect of TiO2 
layers on enhancement of G membrane performance using Material Studio. The molecular 
dynamic simulation using ReaxFF software has been suggested to evaluate the performance 
of the membrane for water desalination process, parameters such as permeability and salt 
rejection [24].     
Nanocomposite A-TiO2  R-TiO2  G 
Lattice constants (Å) a 3.7990 4.5977 4.26 
b 3.7990 4.5977 2.46 
c 9.5090 2.9564 25 
corresponding angle α 90° 90° 90° 
β 90° 90° 90° 
γ 90° 90° 90° 
  
2. Material and method 
2.1 Simulation of the TiO2, G and TiO2/G bilayer and investigation of its electronic 
structure and mechanical properties by Material Studio 
A simulation box consisting of TiO2 structures, G and TiO2/G bilayers have been created by 
using Material Studio 2019. The calculations have been performed by using CASTEP code 
based on first-principles density functional theory [25]. The exchange and correlation 
interactions were modelled using the Generalized Gradient Approximation (GGA) functional 
[26] and the Perdew-Burke-Ernzerhof (PBE) functional [27]. The cut-off kinetic energy of 
the electron wave function was 489.80 eV and a medium quality of the k-point sampling set 
4x4x7. Division of the reciprocal unit cell based on the Monkhorst-Pack scheme were 
converged. In the geometrical optimization, all forces on atoms were converged to less than 
0.05 eV/Å. The maximum displacement was 0.002Å with a maximum stress of 0.1 GPa. 
Bandgap and DOS (density of state) were calculated by GGA (Generalized Gradient 
Approximation) [26], which is very accurate to be used to analyse the band structure and 
electronic properties [28]. After creating the primitive cell, the lattice structure of TiO2 and G 
crystal structures were investigated by applying the geometry optimization task with a 
specific number of iterations. The lattice constancies used in this study are presented in Table 
1. For creating a TiO2/G structure, a supercell of 2x2x2Å3 of G has been built and then TiO2 
structure added to the G after taking the average matching between the lattice parameters. In 
combined TiO2 phases, the distance between the A-TiO2 layer and R-TiO2 layer was equal 
4.581Å. For TiO2/G layers, the distance between the R-TiO2 layer and G layer was 3.355Å, 
while the distance between A-TiO2 and G layer was 3.467Å.  
For the mechanical properties, a constant strain method under 0.003 maximum amplitude 
have been used with a Universal force field using FORCITE code. The information on lattice 
constants of TiO2 and G is presented in Table 1.  
Table 1 Lattice constants for TiO2 and G 
Nanocomposite A-TiO2 R-TiO2 G 
Lattice constants (Å) a 3.7990 4.5977 4.26 
b 3.7990 4.5977 2.46 
c 9.5090 2.9564 25 
corresponding angle α 90° 90° 90° 
β 90° 90° 90° 
γ 90° 90° 90° 
 
2.2 Simulation of the water desalination system using ReaxFF for investigation of the 
mechanical properties  
   
The bilayer nanocomposite membranes for water desalination has been created by using 
molecular dynamic simulations using lattice information. A simulation box has been created 
with a size of 36 x 34 x 60 Å3 consisting of TiO2/G bilayer with two different phases of TiO2 
and with a surface area of 35.677 x 35.677 Å2 to perform the water desalination study.  
For the R-TiO2/G bilayer the concentration of R-TiO2 was only 6%, while for the A-TiO2/G it 
was 25%, and for the combination it was 31% from the whole system (6% R-TiO2, and 25% 
A-TiO2). The NPT Berendsen simulation method [29] was applied with a total density of 
0.03451 g/mL. A forcefield containing all element available in the precursor and TiO2/G 
were selected from software library [30]. The temperature of 323 k was applied for the 
simulation box with the damping constant of 500 fs.  A fixed number of molecules consisting 
of 3000 H2O molecules with NaCl solution with a concentration of 20% (600 molecules) was 
chosen as the feed solution to model the saline water during each simulation. The simulation 
study was performed under different external applied pressure values ranging between 100-
500MPa. The pressure toward the membrane was applied within 4 nanoseconds of simulation 
for each pressure value, while salt rejection rates were calculated after 2 nanoseconds of 
simulation work in the feed and permeation side.   
 
 
  
Figure 1 Molecular structure for: a) A-TiO2 b) R-TiO2 c) A,R-TiO2 , d) G, e) R-TiO2/G, f) A-
TiO2/G, g) A,R-TiO2/G  
 
3. Results and discussion 
 
3.1.Water desalination 
 
R-TiO2/G, A-TiO2/G, and A,R-TiO2/G has been created to evaluate the effect of TiO2 phases 
in rate of salt rejection and water permeability. Figure 2 shows the three structures of TiO2/G 
bilayer used in simulation study during water desalination process.  
 
 
Figure 2 Simulation box consisting of R-TiO2/G bilayer, A,R-TiO2/G, and A-TiO2/G bilayer 
respectively from left to right. G membrane with carbon atoms in dark gray, TiO2 (titanium 
atoms in gray, oxygen atoms in red), water molecules (H2O atoms in red and white), and 
NaCl molecules (atoms in white and green)  
 
3.1.1 Water permeability 
The water permeability has been investigated using ReaxFF and has been calculated based on 
Equation 1 [31]: 
𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = �𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡ℎ𝑖𝑘𝑛𝑒𝑠𝑠 (𝑚𝑚)�(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝑔))(𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2) )(𝑡𝑖𝑚𝑒 (𝑠))(𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑏𝑎𝑟))              ( 1) 
 
Using Equation 1, the permeability was calculated after 4 nanoseconds to show the maximum 
numbers of H2O molecules that pass-through G membrane under different applied pressure 
values. The simulation box was empty at the beginning and then the addition of water and 
salt molecules started after 500 femtoseconds from the beginning of the simulation job. The 
distance between G sheet and TiO2 in the combination was 4.581Å, while the width of TiO2 
was equal 12.4Å. For R-TiO2/G, the distance between G membrane and R-TiO2 layer was 
3.355Å, and the width of R-TiO2 layer was equal 5.4Å, while for A-TiO2/G, the distance was 
3.467Å, and the width of the layer of A-TiO2 was equal to 7 Å. However, most of H2O 
molecules transported through the bilayer membranes in space ranging between 23 to 28 Å. 
For a better understanding of the nature of water flow, we calculated the percentages of water 
molecules permeation in function of time using the method offered in previous research study 
[32]. For instance, at 1.5 nanoseconds, 30% of H2O molecules were filtered in the case of 
combined A,R-TiO2/G under 500 MPa applied pressure, while for G membrane, A-TiO2/G  
and  R-TiO2/G nanocomposites, the percentage of H2O filtered molecules were 26%, 22%, 
and 24%, respectively. In addition, at 3 nanoseconds, 62% of H2O molecules were filtered for 
the  A,R-TiO2/G under same conditions, while for G, A-TiO2/G, and R-TiO2/G, it was 51%, 
43%, and 48%, respectively. In addition, a slightly decreasing in the permeation rates were 
observed after 3 nanoseconds of simulation time. 
However, at lower applied pressure values, the permeation rates were slow for all 
nanocomposites layers. Meanwhile, water molecules permeated approximately at a constant 
rate under the suggested external pressure values during the simulation time because of the 
low effect of salt concentration, as the study condition here is similar to condition reported in 
other study [33].  Figure 3 shows the rate of water permeation through the TiO2/G bilayers 
under different applied pressure values at t= 4 nanoseconds.   
 Figure 3 Relationship between water permeability through simulated TiO2/G bilayers with 
different applied pressure values at t= 4 nanoseconds.   
 
As shown in Figure 3, the water permeability increases under high applied pressure values. 
A,R-TiO2/G has shown the highest water permeability, in comparison with other simulated 
nanocomposite membranes, which was equal to 3.5*10-9 mm.g.cm-2s-1.bar-1 under 500 MPa 
applied pressure. For R-TiO2/G the results showed a slight change in water permeability  
compared to the results of G membrane while it decreased for A-TiO2/G.    
3.1.2 Salt rejection 
The salt rejection percentages have been calculated for TiO2/G bilayer membranes under high 
applied pressure values to check the effect of TiO2 phases on the number of NaCl molecules 
passing the membrane. However, reverse salt rejection rates calculated in terms of the Na+ 
and Cl- concentrations, Equation 2 [34].   
𝑅 = 𝑁𝑓−𝑁𝑝
𝑁𝑓
  … (2), 
where R, Np, Nf, are the salt rejection rate, ion concentration (at t= 2 ns) in the permeate and 
feed sides, respectively. In order to estimate salt passage, ions concentrations were calculated 
at the end of 2 ns since the salt rejection rate is time dependent [32]. Figure 4 shows the 
percentage of salt rejection under different applied pressure values.  
 Figure 4 Relationship between salt rejection percentages with different applied pressure 
values at t=2 nanoseconds.  
As shown in Figure 4, the salt rejection values increased to 98% for the A,R-TiO2/G bilayers 
under 100 MPa applied pressure and using Equation 2 in the permeate and feed side at 2 
nanoseconds, while R-TiO2/G achieved 94% of salt rejection which was higher than G 
membrane under the same conditions. The A-TiO2/G showed a slight change in salt rejection 
comparing to the only G. However, under higher applied pressure values (500 MPa), for A,R-
TiO2/G , the salt rejection decreases linearly as more Na+ and Cl- ions passed the bilayer 
membrane. The salt rejection decreased from 94% to 83%, 90% to 78%, and from 92% to 
76% for R-TiO2/G, and A-TiO2/G respectively. It can be observed that R-TiO2 with a 
concentration of 6% has achieved higher salt rejection and water permeability after the 
combination with G comparing to A-TiO2 which has a higher concentration of 25% from the 
whole system.  
 
3.2 Stability of membrane (Mechanical properties) 
3.2.1 Young modulus:  
Young modulus has been defined as a mechanical property which is used to measure the 
stiffness of solid materials or resistance to elastic deformation under specific load [35]. It 
defines the relationship between stress and strain in the linear elasticity regime. Equation 3 
shows the relationship between stress and strain: 
𝑌𝑜𝑢𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 = 𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛  … (3) 
The Young modulus has been calculated for two phases of TiO2, G, and TiO2/G bilayers in 
different directions, to evaluate the effect of TiO2 different phases on increasing the stability 
of G membrane under different applied pressure values. The rutile and anatase phases of TiO2 
are defined as orthotropic materials because of their crystallographic structure [36]. The 
mechanical and thermal properties of these materials vary in each direction and therefore 
Young’s modulus and Poisson’s ratios have been calculated in three mutually perpendicular 
directions (x, y, and z) for single and composites structures. In material science, TiO2/G 
bilayers and other single structures of G and TiO2 phases is an example of Orthotropic 
materials, which their properties vary with directions at a particular point [36]. Figure 5 
shows Young modulus calculations in three orthogonal directions (x, y and z). 
 
Figure 5 Young modulus of elasticity for R-TiO2, A-TiO2, A,R-TiO2, G, R-TiO2/G, A-
TiO2/G, and A,R-TiO2/G in three directions (x, y and z).   
 
Young modulus of R-TiO2, A-TiO2 and A,R-TiO2 was estimated by Universal forcefield are 
1.74 TPa, 750 GPa, and 507 GPa, respectively. The results showed that R-TiO2 has the 
highest Young’s modulus value in all directions (x, y, and z), while A-TiO2 has a lower 
young modulus values than R-TiO2, but higher than A,R-TiO2.  
However, the results presented in Figure 5 show an increment in the stiffness of G after 
creating the TiO2/G bilayers in y and z-directions. A,R-TiO2/G showed the highest value of 
Young modulus than single phase TiO2 with G which explain the high stability of the bilayer 
membrane and this help to achieve the highest water permeability and salt rejection. For R-
TiO2/G, A-TiO2/G, and A,R-TiO2/G, the estimated stiffness is 172.6 GPa, 234.7 GPa, and 
978.6 GPa, respectively. A,R-TiO2/G has the highest Young’s modulus value in the x  and  z 
directions, while in y-direction,  R-TiO2/G has the highest value which is  947.1 GPa. For A-
TiO2/G, the results showed a higher Young’s modulus value in y-direction about 660.3 GPa, 
which was higher than both only G (407.25GPa) and A-TiO2(450GPa). This was reported in 
other report that, a change in young modulus has been noted due to doping which could affect 
the mechanical property of material [37]. 
The Poisson ratios have also been calculated for the structures in three directions (Exy, Eyx 
and Exz) as shown in Figure 6.  
 
 
Figure 6 Poisson ratios for R-TiO2, A-TiO2, A,R-TiO2, R-TiO2/G, A-TiO2/G, and A,R-
TiO2/G in three directions (Exy, Eyx and Ezx).     
 
The calculated Poisson’s ratios for G in xy, yx, and zx directions, as it shown in Figure 6 has 
a negative value in xy and yx directions which is Exy= -8.0345, Eyx= -2.3849, while for zx a 
positive value equal 0.002 was obtained. This value for R-TiO2 was Exy= 0.1426, Eyx= 
0.1426, Ezx= 0.0707, and for A-TiO2 was Exy= 0.0348, Eyx= 0.0348, Ezx= 0.0583, which 
was similar to values reported earlier [23].  
These values for A,R-TiO2 were Exy= -0.0409, Eyx= -0.0363, Ezx= 0.0305. The Poisson 
ratios decreased after combining rutile and anatase phases of TiO2 which makes it easier to 
fracture.   For combination of G with TiO2 phases, Poisson’s ratios have been calculated as 
Exy= 0.7781, Eyx= 0.7386, Ezx= 0.0574 for R-TiO2/G. However, the Poisson’s ratios 
increased from 0.1426 to 0.7781 in xy direction, from 0.1426 to 0.7386 in yx direction for R-
TiO2/G nanocomposite in a positive direction which makes it more resistant to compression 
effect.  
For A-TiO2/G, Poisson’s ratios value was Exy= -0.1111, Eyx= -0.3125, Ezx= 0.2549. It 
increased from 0.0348 to -0.1111 in xy direction, and from 0.0348 to -0.3125 in yx direction 
for A-TiO2/G. It can be observed that TiO2/G nanocomposite is an auxetic structure [38] 
because of the negative Poisson ratios it has.   
Finally, the Poisson ratio values of Exy= 0.0121, Eyx= 0.0116, Ezx= 0.0632 for A,R-TiO2/G  
as it is shown are positive.  
 
The Equation 4 has been used for the calculations of bulk and shear modulus of elasticity of 
G, TiO2 phases, and TiO2/G bilayers [39]: 
𝐾 = 𝟑√𝑬𝟏𝑬𝟐𝑬𝟑
𝟑(𝟏−𝟐 √𝒗𝟏𝟐𝒗𝟑𝟏𝒗𝟐𝟑𝟑  …. (4)  
 
Where, Young’s modulus is E, Poisson’s ratios is ν, and bulk modulus is K. Figure 7 shows 
the bulk and shear modulus for TiO2 phases, G, and R-TiO2/G, A-TiO2/G, and A,R-TiO2/G.  
 
 
 
Figure 7 Bulk and shear modulus for R-TiO2, A-TiO2, A,R-TiO2, G, R-TiO2/G, A-TiO2/G, 
and A,R-TiO2/G in three directions (x, y and z).     
  
The bulk modulus has been calculated by using Reuss (BR) method [40]. For G, the value of 
bulk and shear modulus were equal to 105.7 GPa and 85 GPa, respectively which is similar to 
the results reported by previous study [23]. Meanwhile, the bulk and shear modulus have 
been calculated for titanium dioxide phases and their combination. The results show that R-
TiO2 has the highest bulk and shear modulus values which is equal to 308.5 GPa, and 421.5 
GPa, respectively. For the A-TiO2, bulk modulus was equal to 227.11 GPa, and shear 
modulus was equal to 230 GPa. Bulk and shear modulus decreased to 62.4 GPa, and 68 GPa 
for A,R/TiO2, respectively. A,R-TiO2/G showed the highest bulk and shear modulus values 
which are equal 136 GPa, and 166 GPa, respectively, and this increases the stability of 
membrane under high applied pressure. R-TiO2/G achieved a high stability as well under high 
applied pressure compare to G, while A-TiO2/G has lower bulk modulus values than G 
membrane.  
 
3.2. TiO2/G as a photocatalyst 
 
A photocatalyst is a substance that by absorption of sunlight is capable to produce a chemical 
reaction or chemical transformations of reaction participants without being consumed, 
oxidized, or transformed [41, 42]. Since the emergence of photocatalysts as a viable option 
for environment pollution control has come to attention, efforts have been made to improve 
their reaction rate or photocatalytic activity. Semiconducting materials photocatalysts have 
been increasingly focused on in recent years due to their potential applications in solar energy 
conversion and environmental purification [42]. Martin and his co-workers created 
computational models for TiO2/G composites and indicated its improved photocatalytic 
activity compared to pure TiO2, via studying the band structure. Hence, in this study, in 
addition to the mechanical properties and the membrane performance, the optical and 
electronic properties of the TiO2/G bilayers have been investigated through extracting of band 
structure of the bilayer using Material Studio 2019  to predict the photocatalytic activity of 
these composites.  
 
      3.2.1 Band structure:  
The band structure study has been performed for TiO2 phases, G and TiO2/G bilayers to see 
the effect of G on TiO2 phases band gap reduction. The TiO2 layer has been added to increase 
the photocatalysts activities of G. The band structure is plotted based on the GGA functional 
[26]. Figure 8 shows the band structure of TiO2 phases, G, and TiO2/G bilayers.  
Table 2 Band structure information of TiO2, G and their composites  
Material Band gap 
(eV) 
Band type Conduction 
band (eV) 
Valence band 
(eV) 
A-TiO2  3.185 Indirect 2.944 0.241 
R-TiO2  3.062 Direct 2.8763 0.1857 
A,R-TiO2  2.248 Direct 1.965 0.283 
G Zero None Zero Zero 
A-TiO2/G 0.443 Direct 0.443 Zero 
R-TiO2/G 0.517 Indirect 0.517 Zero 
A,R-TiO2/G 1.175 Direct 1.1062 0.0688 
 
The calculated band gap structure results reported by previous study [43], show that A-TiO2 
is a semiconductor with the largest band gap (Eg) of 3.185 eV, among all the composites. 
Meanwhile, the R-TiO2 showed a band gap of 3.062 while this value reduced to 2.248eV 
when it was calculated for the combination of rutile and anatase phases together.  
The band gap value was calculated for the A-TiO2/G, R-TiO2/G composite. A-TiO2 band gap 
decreased to 0.443 eV after adding a layer of G, while R-TiO2 band gap was reduced to 0.517 
eV. However, single phase gave very low band value making the composite band gap value 
close to conductor. Interestingly, the band gap for the A,R-TiO2/G composited was calculated 
to be 1.175eV which is closer to semiconductor band gap and is more suitable for 
photocatalysis purpose. Table 2 shows the valence band and conduction band values for each 
material.    
  
Figure 8 Calculated band gap of:  a) A-TiO2 b) R-TiO2 c) A,R-TiO2, d) A-TiO2/G, e) R-
TiO2/G, f) G, g) A,R-TiO2/G  
3.2.2 Density of state (DOS): 
DOS is the distribution of all the possible quantum states per unit volume per unit energy that 
the electrons in the metal can take. Higher DOS means higher state are available for 
occupation [44]. The general form of DOS is indicated in Equation 5 [45]:  
𝐷𝑛(𝐸) = 𝑑Ω𝑛(𝐸)
𝑑𝐸
  … (5) 
The Equations 6 and 7 show the calculations path for conduction band and valence 
band [46]:  
𝑔𝑐(𝐸) = 𝑚𝑛�2𝑚𝑛(𝐸−𝐸𝑐)
𝜋^2ℎ^3  … (6) 
𝑔𝑣 (𝐸) = 𝑚𝑝�2𝑚𝑝(𝐸𝑣−𝐸)
𝜋^2ℎ^3  …  (7)  
DOS is used to understand the comparison between the n-type semiconductors and p-type 
semiconductors. Apart from determining the conduction band and valence band it shows also 
the number of electrons that each band can accept. Figure 9 shows the DOS for TiO2 phases, 
G, TiO2/G bilayers. In all cases, the presence of the TiO2 with G leads to changes in the DOS 
pattern, with the introduction of new energy states inside the band gap of TiO2. The result 
shows that both phases of TiO2  are P-type semiconductors because the conduction energy is 
higher than the valence energy [47], so more electrons can enter the states which explain that 
it has high band gap, while for TiO2/G bilayers the band gap reduced so the valence energy is 
higher than the conduction energy, which means less electrons can enter the states after 
decreasing the band gap [48]. The number of electrons for pure TiO2 is about 8 while it 
increased for the TiO2/G bilayers to more than 14 electrons. For the G the states can’t accept 
any electrons because of its low band gap.      
 
 
 Figure 9 Calculated DOS of:  a) A-TiO2 b) R-TiO2 c) A,R-TiO2, d) A-TiO2/G, e) R-TiO2/G, 
f) G, g) A,R-TiO2/G  
3.2.3 Electron density: 
Electron density map is a three-dimensional description determined from X-ray diffraction 
experiments to show the electron density in crystal structure [49]. Three dimensional maps 
are often evaluated as parallel two-dimensional contoured sections at different heights in the 
unit cell [50].   Electron density slice is a two-dimensional contour map [51]. It constructed 
by taking a plane that slices through the atoms and mapping the variation in electron density 
in this plane which are useful to investigate atomic and molecular structure size and shape 
based on the size and shape of the electron cloud [51].   
The electron density has been generated after the calculations of the electronic properties for 
the structures to perform the probability of finding an electron in a specific location around 
an atom or molecule. In general, the electron is more likely to be found in regions with high 
electron density. Figure 10 shows the electron density for TiO2 phases, G and TiO2/G 
bilayers.  
 
 
Figure 10 The electron density for: a) A-TiO2 b) R-TiO2 c) A,R-TiO2, d) G, e) R-TiO2/G, f) 
A-TiO2/G, g) A,R-TiO2/G   
As shown in Figure 10, the electron density is higher for the TiO2/G bilayers than pure TiO2 
phases which means more free electrons can be found to increase the photocatalysts activates 
comparing to only G [52].    
  
4. Conclusion:  
A TiO2/G bilayer designed and simulated as a membrane for water desalinations through 
molecular dynamic (MD) using material studio and ReaxFF. The effect of adding one 
layer of R-TiO2 or A-TiO2 to the G layer have been investigated. The effect of these 
composite on the salt rejection rate and water permeability was studied to find the best 
TiO2/G bilayers composite for the water desalination process. The A,R-TiO2/G bilayer 
showed the highest percentage of salt removal which was 98% under 100MPa applied 
pressure. This composite had the highest water permeability rates at applied pressure of 
100 to 500MPa. The electronic and mechanical properties of these bilayers also were 
studied to predict the photocatalytic activity and stability of the membrane material. The 
results showed an increment in the stability of the membrane after an increment in the 
bulk modulus values for the TiO2/G bilayers. It was predicted that the photocatalytic 
activity could also increase by adjusting the bandgap by preparing a composite of A,R-
TiO2/G indicating band gap of 1.175 eV.  
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